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Abstract: The deformation mechanisms of the metastable austenite phase of a transformation induced plasticity (TRIP) stainless steel, AISI 301LN, have been investigated by compression of multicrystalline micropillars of different crystallographic orientations, with particular attention on the strain-induced phase transformation from austenite to martensite. Intergranular shearing and twinning were observed to be the primary deformation mechanisms, with a predominant 〈122〉 orientation developed in the austenitic phase, combined with limited planar slip within single grains of austenite. The phase transformation from austenite to  and ’-martensite was clearly observed adjacent to the sheared regions using TEM-EBSD techniques. The -martensite phase was found to be preferentially located in the regions near the grain boundaries which experienced higher shear stresses during compression.
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1.	Introduction
Metastable austenitic stainless steels display transformation induced plasticity (TRIP), where austenite transforms into martensite by strain, either during forming or under service loads. The plastic deformation of the austenite phase creates the defect structure, which then acts as nucleation sites for martensite formation [​[1]​,​[2]​]. The amount of induced martensite which forms during deformation depends on the stress, temperature and deformation rate [​[3]​], as well as the alloy composition [​[4]​,​[5]​,​[6]​]. Plastic deformation can induce two types of martensite:  and ’; whose crystallographic structures are hcp and bcc, respectively [​[7]​].
Upon tension, the creation of microscopic shear bands promotes the phase transformation from austenite to martensite [​[8]​,​[9]​,​[10]​,​[11]​]. In the case of strain-induced martensitic transformations, effects at the macroscopic scale, mainly in terms of deformation mechanisms, are complex and not yet well-understood due to the path dependence of plastic deformation. It is therefore often difficult to deconvolute the dislocation-driven plasticity from the transformation-driven plasticity. In this regard, plasticity at small scales has been attracting increasing attention, since it has been found that many mechanical properties at the micro- and nanometric length scale differ from those at the continuum scale [​[12]​,​[13]​,​[14]​,​[15]​].
In the past decades, significant effort have been made to understand the underlying mechanisms responsible for the phase transformation in multiphase TRIP steels at micrometric length scales. One of the most used techniques is nanoindentation [​[16]​,​[17]​,​[18]​,​[19]​], because it allows testing of site specific small volumes of material, such as single grains or even grain-boundaries. This technique has been employed to analyze plastic deformation and strengthening behavior that is controlled by crystalline defects such as dislocations, grain boundaries, and inclusions [​[20]​,​[21]​,​[22]​]. However, the deformation produced by nanoindentation is governed by a complex stress field under hydrostatic pressure, and the deformation mechanisms produced by this complex stress field may be different than those produced by uniaxial stress. Consequently, it is difficult to extract deformation parameters from nanoindentation data suitable for inclusion into numerical computer models, which require simple uniaxial stress-strain information.
Over the last few years, great advances have been made in understanding the mechanical behavior of materials at micron and submicron length scales using nanoindentation systems to compress micro-scale pillars produced by focused ion beam (FIB) machining. This microcompression technique [​[23]​] is a miniaturized version of the conventional uniaxial compression test and can directly yield engineering stress-strain behavior. However, microcompression of single crystalline specimens with diameters from ~ 0.1 to 20 m have revealed stress-strain responses quite different from what would be expected from macroscopic behavior [​[24]​,​[25]​,​[26]​,​[27]​,​[28]​,​[29]​]. This is now frequently attributed to geometric constraint of dislocation-mediated plasticity [​[30]​,​[31]​,​[32]​] by several different mechanisms. 
Table 1. Literature values of the yield stress (ys) for several steels obtained through the micropillar compression technique, where DP: dual phase materials, TWIP: twining-induced plasticity, HSLA: high-strength low-alloy, ODS: oxide dispersion-strengthened steels, CDSS: cast duplex stainless steels, AHSS: advanced high strength steel, A: Austenite, F: Ferrite, M: Martensite, A/M: interface austenite/martensite, F/M: interfase ferrite/martensite, AS: as-sintered and T.T: thermal treatment [33-45]. 






		F (T.T = 538ºC)		610 ± 151	





42SiCr	0.43C-0.59Mn-2Si-1.33Cr	A (Q-P)	3**	1448 ± 77 	​[38]​















Metastable austenitic 	0.0013C-8.14Ni-10.3Cr-7.41Mn	A (T.T = 575ºC)	0.6-18	≈ 750-900	​[44]​
		A (T.T = 615ºC)		≈ 450-700	
AHSS	0.2C-1.5Si-1.8Mn-0.02P-0.05Al	F	1-1.6	500-600	​[45]​
		M		800-1000	
* Diameters greater than 1m, the flow stress is independent of the pillar diameter.
** Denotes square pillars
*** Chemical composition in at.%
Q-P denotes quenching and partitioning process, while Q-P+TT refers to the Q-P process plus thermal treatment.
Several recent studies [​[46]​,​[47]​,​[48]​,​[49]​,​[50]​] have applied the micropillar compression technique to investigate the small scale behavior of steel alloys. A summary of the chemical compositions, constitutive phases, and yield stresses (ys) of the various steels investigated by these studies is given in Table 1. In the majority of these studies, the testing was performed within single grains and unique phases. Little information is available within the literature on the behavior of pillars containing multiple phases and/or grain boundaries.
The deformation behavior of polycrystalline micropillars is critical for determining the role of grain boundaries in the deformation and transformation mechanisms to increase the accuracy of microstructure-based simulations [50]. Here, the deformation mechanisms of TRIP stainless steels are investigated by microcompression of multicrystalline pillars containing a few grain boundaries. The resulting phase transformations and deformation mechanisms activated during the compression are then studied using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

2.	Experimental procedure
The material investigated in this work is a commercial AISI 301LN stainless steel, equivalent to EN 1.4318, supplied by Outokumpu (Finland) as 2 mm thick sheets with an initial percentage of martensite of 8 ± 1 %. Mean grain size was measured following the linear intercept method on micrographs taken with a field emission scanning electron microscope (FESEM), resulting in a grain size of 40 ± 5 m. Its chemical composition is given in Table 2. 





The as-received material was ground with silicon carbide and then polished with diamond suspension of 30, 6 and 3 m. Finally, a neutral suspension of 20 nm alumina particles was used as a final polish to remove any possible surface damage during previous surface preparation steps. 






Table 3. Label, diameter (D), length (L) and ratio L/D for the TRIP steel micropillars.










The crystallographic orientation of the tops of the pillars was determined by electron back-scattered diffraction (EBSD) using a JEOL 7001F equipped with an orientation imaging microscopy system and with a constant scanning step (50 nm), at an acceleration voltage of 20 kV. 
In-situ microcompression tests were carried out using an Alemnis SEM Indenter [52,​[54]​], which is intrinsically displacement controlled, within a Zeiss DSM962 SEM. Micropillars were compressed at a constant displacement rate appropriate to generate a strain rate of 10-3 s-1. Engineering stress-strain curves were determined from the load (P) vs. displacement (h) curves, using the top diameter of the pillars after correcting for pillar sink-in and instrument compliance [52]. 
The microstructure of selected zones of the deformed pillars was characterized using FIB serial cross-sectioning at ion beam currents of 500 pA to obtain a detailed characterization of the internal damage. Milling of more than 500 slices was performed to obtain a high resolution 3D analysis. The resulting 3D reconstruction was performed using AVIZO 8.0 software. 




Two sets of pillars with different diameter (2 and 3 m) were milled in the grain boundaries between different austenitic grains. The local crystallographic orientation of the top surface of each pillar of interest is depicted in Figure 1a. Grain boundaries are observed either to intersect the top surfaces or transect the lower gage region of the pillars. The main crystallographic orientations for each micropillar were determined through Euler angles by electron diffraction, see Table 4. Phase orientation analysis confirmed, as it was referred above, that micropillars present an austenitic microstructure before the deformation, see Figure 1b.
Table 4. Crystallographic orientations for each grain present inside of each micropillar in the contact region directly determined through the Euler angles by means of EBSD as well as their fraction. 





























Engineering stress-strain curves for austenite micropillars are shown in Figure 2a and 2b for the two different diameters, i.e., 2 and 3 m. The scatter in the stress-strain curves is large and may be attributed to the variation in crystallographic orientation and grain structure within the pillars. The pillars were milled targeting grain boundaries. However, this is only achieved for the pillar top surface, since the lower parts of the pillar length may contain additional grain boundaries and grains with different crystallographic orientations. Several of the stress-strain curves display inflections followed by work-hardening. This was observed in-situ during compression to coincide with a large shear or slip event occurring within the gage of the pillar. This phenomenon may be related to martensitic transformation (  ’) [​[58]​], which causes volume changes during the test, similarly to what is observed in macroscopic tests.
From the data summarized in Table 5 and plotted in Figure 2, the role of the sample size on the mechanical properties determined from the stress-strain curve is unclear, since the range of sizes investigated is quite narrow. Additionally, the significant crystallographic variation between pillars makes comparisons between the two sizes difficult, but on average the smaller pillars are observed to be slightly stronger. This behavior is in disagreement with Ghassemi-Armaki and co-workers [33], who reported that for martensitic pillars with diameters greater than 1 m, the flow stress is independent of the pillar diameter. In their case, the intrinsic size effect due to the fine structure of the martensite likely overwhelmed the effect of extrinsic dimensional constraint of the pillar diameter in larger pillars. The yield stresses of the submicron-sized pillars tested here ranges from 630 to 1500 MPa, whereas for conventional bulk steel specimens a value of 670 MPa was measured [​[59]​]. The origin of the higher yield stress for pillars could be related to the size-effect phenomenon [​[60]​,​[61]​], where the yield stress is increased in submicron pillars due to the truncation of and limited availability of dislocation sources. Also, this phenomenon can be related to accumulation of dislocations at the grain boundary, as reported by Ng and Ngan [​[62]​] in bi-crystal Al micropillars. In steel pillars, increased strengths might also be attributed to the generation of martensite during compression. Since the yield stresses reported here are similar to values reported for the pure martensitic phase in other steels (see Table 1), this explanation seems plausible.












FESEM micrographs of representative pillars (before and after deformation) are shown in Figure 3. Deformation is observed to occur primarily by intergranular sliding with a limited amount of crystallographic slip. 
Figure 4 presents close-up views of three different pillars after deformation. In these FESEM images, small slip offsets can be appreciated at the surface marking the exit of dislocations from a slip plane within a single crystal. However, most pillars exhibited large shear offsets (Figures 4a and 4c), which could be attributed to shearing of the grain boundaries. This is an expected result, since pillars contained grain boundaries which were not oriented parallel to the loading direction. Neither concentrated slip bands nor buckling were observed in pillars of either of the tested sizes. However, the pillar shown in Figure 4b does not display any shear offsets along a grain boundary, highlighting that other deformation mechanisms can control the plasticity of metastable steels under pillar compression. 
In order to visualize the deformation inside one of the pillars, micropillar P2-3m was sequentially cross-sectioned and imaged using the FIB/FESEM system. A secondary electron micrograph of the deformed microstructure from a central slice is shown in Figure 5. Significant shear offsets can be seen to coincide with the grain boundaries around the central large darker grain. Within the upper and lower regions, a complicated microstructure can already be observed without TEM. A glide system at the interface between two austenitic grains at an angle of about 45º from the compression axis can be seen in the full tomographic reconstruction (see supplementary material for sequential cross-sectioning of the same pillar presented in Figure 5). 
The serial sectioning technique is useful for visualizing the deformation within the entire volume of the micropillar, but it lacks quantitative structural information on the deformed regions. Figure 6a shows bright field STEM (BF-STEM) micrographs of the cross-section of pillar P1-3m, which was deformed by approximately 5.3 %. In the overall micrograph at the left hand side of the figure, two different deformation mechanisms can be observed: intergranular shearing and deformation twinning. In the bottom part of the pillar, a fine-grained microstructure can be observed, as well as a dense dislocation forest. In the magnified region, presented at the right side, deformation twins with thicknesses of 400-500 nm can be observed. These mechanical twins can be associated with Shockley partials gliding on successive {111} planes [​[63]​]. These deformation effects can partly account for the shear band and martensite phase formation. Development of those deformation mechanisms are related to the stacking fault energy and crystallographic orientation according to the indentation axis. The austenitic character of these deformation twins presented in figure 6a was corroborated through analysis of selected-area electron diffraction (SAED) patterns, pointing then out that this defect is mechanical twins. Figure 6b represents the SAED taken from the circled area presented in the BF-STEM image. 




From the analysis of the experimental results obtained in this investigation, the following conclusions may be drawn:
-	The yield stress values determined from the stress-strain curves are higher than the values for austenitic phase obtained from micropillar compression for other steel grades due to the presence of transformation induced martensitic phase in the grain boundaries. 
-	Plastic deformation during the micropillars compression of metastable stainless steels was accommodated primarily through grain boundary sliding, but planar slip and mechanical twinning were also observed.
-	Both types of martensite, ’ and , form in metastable stainless steel after pillar compression.
-	Deformation-induced phase transformations were observed using TEM to be associated with two different processes: dislocation pile-ups for the ’-martensite and shear strain for the -martensite. 
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